APPARATUS ANDMETHODS

Glass-Cylinder Test Rig
Preliminary cavitation tests were conducted in liquid nitrogen and in water. In these tests a 2-inch-diameter flat disk was reciprocated in open vessels. The disk was reciprocated by a crank mechanismdriven by an air motor. The disk was later replaced by a glass-cylinder pump. The use of a glass cylinder permitted visual and photographic observation of the fluid behavior within the pump. The main features of the glass-cylinder-pump test rig are shown in figures i, 2, and 3. The glass-cylinder pumpwas installed in a 1-gallon glass Dewar flask which was covered with a lid of foam-type plastic.
Tests with the glass-cylinder pumpwere madewith water, liquid nitrogen, and liquid hydrogen. In the tests with water a glass vessel was used which was heated over an electric hot plate.
Heat was thus applied only at the bottom of the vessel. Whenusing liquid hydrogen, meanswere provided for purging and for pressurizing the Dewar with helium. During test operations the glass Dewar flask was approximately three-fourths full of fluid.
The pumpwas operated while submerged, and served to circulate the pumpedfluid from the pumpdischarge to the inlet with negligible pressure rise.
The piston was reciprocated by the samecrank mechanismused in the reciprocating disk tests.
The plate valves in the piston and cylinder head were identical and had a ratio of port area to piston area of 0.28. The valves were held in the closed position by very light coil springs.
Instrumentation was provided for measuring fluid temperature and pressure, piston frequency, and time. Data were obtained by photographing the instruments and Dewar with a motion-picture camera. Fluid temperatures were measuredwith a carbon-resistor-type probe in conjunction with a d-c amplifier.
This system gave a galvanometer scale deflection of approximately 2 inches per oF. Dewar pressures were measured in inches of water with an aircraft-type gage.
Five-Cylinder Piston Pump
Design specifications.
-A partial section through the five-cylinder piston pump is shown in figure  A ; figures 5 to 8 show views of the pump and parts. Figure  9 shows the pump installed in a vacuum-jacketed housing. In this installation the pump is driven by a hydraulic motor through gears located at the top of the housing. 
RESULTS ANDDISCUSSION Visual Studies of Subcooling by Cavitation
With a Reciprocating Disk Initial tests were madeto determine the cavitation characteristics at the design piston speed. These tests were madeby reciprocating a 2-inch-diameter disk in an open vessel. Because this work revealed a phenomenonof subcooling by cavitation which might have an effect on pump performance, these tests will be described first.
In these experiments a fluid such as liquid nitrogen was first brought to the boiling state in an open vessel. A disk was then reciprocated in this boiling liquid sufficiently fast to cause cavitation. This operation caused the fluid temperature in the Dewar flask to fall. _ne phenomenonis apparently caused by cavitation created by the low pressure regions accompanyingthe disk motion. During cavitation the heat of vaporization required to produce the gas bubbles is removed from the residual fluid.
The gas bubbles from cavitation rise through the liquid to the gas above the liquid and the liquid is subcooled. The process is one of cooling by evaporation through reduction of pressure. It should be noted that a small amount of subcooling is equivalent to a large amount of effective head. Due to the relation between temperature and vapor pressure in hydrogen, subcooling of 0.i°R is approximately equivalent to a head of Ii0 inches of liquid hydrogen or 5 inches of liquid nitrogen. The results with boiling water were similar. A reduced amount of subcooling was obtained, however, with liquid hydrogen. The comparative results obtained with hydrogen and nitrogen, however, may have been partially obscured by the increased heat leak into the vessel during the tests with liquid hydrogen.
Attempts to increase the amount of subcooling over that shown in figure Ii by increasing the disk frequency were unsuccessful. In addition, various mechanical stirring and agitating devices were used in an attempt to increase the subcooling over that obtained with the simple disk; practically no improvement, however, was obtained with the devices tested.
Subcooling by cavitation, as described previously, may prove of significance in the operation of a submergedbucket-type piston pumpinasmuch as cavitation is produced on the suction side of the piston and a substantial proportion of the cavitation bubbles are dispersed in the tank without entering the pump. fig. 13 ) required to suppress cavitation. 0n this basis it was possible to approximate the volume of gas in the fluid by knowing its quality.
Visual Studies with Glass-Cylinder Pump
The fluid quality was calculated using the T-S diagram for the test fluid.
In the calculations saturated liquid was taken as the initial condition. By reducing the pressure an amount equal to that shown in figure 13 and by assuming a constant enthalpy process in the liquid-vapor phase of the diagram, a value of quality was obtained. The volume of gas resulting from cavitation at the pumpintake was assumedto remain constant throughout the entire piston stroke and the piston speed was assumedto be constant at the maximuminstantaneous (midstroke) value. Figure 14 then indicates a minimumvolumetric efficiency for hydrogen that would result if piston speed were constant throughout the stroke at midstroke velocity and if the low pressure, which produces cavitation, extended throughout the cylinder volume. It is apparent that these assumptions are pessimistic and that the pumpvolumetric efficiency should be considerably better than indicated by figure 14.
In general, the estimated cavitation volume (fig. 14) based on tests with the glass-cylinder pumpindicated that the loss of capacity resulting from cavitation at piston speeds of less than i foot per second under saturation conditions at the pumpinlet would be acceptable. In the most pessimistic case ( fig. 14) In the bucket-type pumpthe fluid is essentially at rest in the cylinder during the suction stroke and the piston merely moves through the fluid.
Any velocity change in the fluid is caused by the difference in flow area of the cylinder section and that of the inlet valve. During the suction stroke the pressure in the cylinder is thus determined by the pressure drop across the inlet valve alone. pumpacting as a gas compressor. The maximumpressure developed by a piston-type compressor occurs, of course, when the expanded volume of gas from the clearance volume equals the displacement volume. As long as the pressure developed by a liquid pumpwhile pumping a gas is higher than the required delivery pressure, the pumpwill not vapor-lock completely.
In these tests the maximumpressure rise across the pumpwhen pumping hydrogen gas was approximately 40 pounds per square inch. Higher pressures as limited by vapor-lock can, of course, be obtained by decreasing piston clearance volume; however, in order to achieve simplicity of construction, little effort was madeto obtain a minimum clearance volume. There is no indication that complete breakdown of pumping was imminent with any of the fluids tested. While pumping liquid hydrogen, the pumpwas stopped repeatedly by closing the outlet shutoff valve. Because of heat leak into the system_ this procedure caused the cryogenic fluids to vaporize and fill the pumpwith gas. No difficulty or delay was experienced in resuming normal pumping operation after such stops. Figure  I .
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Glass-cylinder pump installed in a glass Dewar vessel. 
